Recently, power assisted nursing care systems have received much attention and active research. In such control system, an actuator and a control valve are mounted on the human body. In such designs, the size and weight of the valve become serious concerns. At the same time, the valve should be operated with lower energy consumption using limited electrical power. The purpose of our study is to develop a small-sized, lightweight and lower energy consumption control valve. In our previous study, a new type of fluid control valve with a self-holding function using a permanent magnetic ball in a check valve, a cylindrical magnet and two solenoids was also proposed and tested. In this study, a digital servo valve with self-holding function is proposed and tested. As a result, we can confirm that the tested digital servo valve can control output flow rate in both supply and exhaust.
INTRODUCTION
Recently, force feedback devices in virtual reality and power assisted nursing care systems [1] [2] have received much attention and active research. In such a control system, an actuator and a driving device such as a control valve are mounted on the human body [3] - [5] . When we consider the development of a wearable control valve that can drive pneumatic actuators to support the multi-degrees of freedom of human motion, the size and weight of the valve become serious concerns. The typical electromagnetic solenoid valve drives its spool using a larger solenoid to open the flow passage.
The solenoid valves have a complex construction to keep a seal while the spool is moving. This complex construction makes its miniaturization and the fabrication of a low cost valve more difficult. The purpose of our study is to develop a small-sized and lightweight control valve that can be safe enough to mount on the human body at a lower cost. In our previous study, we proposed and tested a small-sized control valve that can be driven using a vibration motor [6] . In the valve, the orifice and the steel ball are inserted into a flexible tube. The vibration motor is set on the outer side of the flexible tube. When the vibration motor is driven, the tube is oscillated. It, then, gives a horizontal direction force to the ball. Then the inner ball starts to move and rotate along to the inner wall of the tube. When the vibration motor is stopped, the steel ball automatically moves toward the orifice as in a check valve. This method is more useful to supply a stable flow rate compared with other methods of opening the valve using vibration [7] - [9] . We had also investigated the output flow characteristics of the tested valve. In the next step for development of a wearable control valve, we should consider to develop a valve with lower electric power consumption. In order to decrease the electric power consumption of the valve, it is useful to reduce electric power to keep the valve open or close. Therefore we proposed and tested the valve with self-holding function that can hold the state of opening and closing with no electrical power [10] . In addition, if the valve can operate many flow lines, it can decrease even more the energy consumption per port. So, we improved the valve with self-holding function so that it can operate many directions of flow line, such as a supply port or an exhaust port, at the same time [11] . However, in the case to adjust the analog output flow rate of the tested valve, the tested valve must be driven by the PWM method. In this case, the electric power consumption of the tested valve increases according to the driving time. In addition, to decrease the electric power while the valve holds the inner pressure constant, it is better that the valve has a function of cutting off the output port without supply and exhaust. Therefore, in this paper, we propose and test a digital servo valve with self-holding function to control the output flow rate from the valve and cut off the output port in order to control the pressure in the pneumatic actuator. Figure 1 shows the fundamental concept of the proposed control valve. The figure shows the model of the tested valve using the check valve which is composed of a steel ball and an orifice. Figure 1 (a) and (b) illustrate the operational image of a typical electro magnetic on/off control valve and the proposed valve, respectively. In both valves, the supply pressure is applied from the lower inlets as shown in Fig.1 . The steel ball is always applied by the upper force according to the differential pressure between the inlet and the outlet of the orifice and its sectional area. To open the typical on/off valve as shown in Fig.1 (a) , it needs a larger longitudinal pulling force that can overcome the pushing force of the ball generated by the supplied pressure.
FUNDAMENTAL CONCEPT
Therefore, the typical electro-magnetic solenoid valve needs a relatively larger solenoid to open the valve surely, which prevents the miniaturization of the valve. In addition, in order to pull the steel ball while keeping the seal between the inside and the outside of the valve, it needs some complex mechanisms which prohibit reducing the cost of the valve. In the proposed valve as shown in Fig.1 (b) , to increase the opening of the valve, we apply horizontal force to the steel ball. Using this method, it becomes possible to open the valve using a smaller force. When closing the valve, we stop applying the horizontal force and the inner steel ball automatically moves toward the orifice by the generated force of momentum of the flow, such as in a check valve. Then, the ball closes the orifice as in the stable condition of a check valve. In order to open the valve using the horizontal force f, the generated torque using the horizontal force at the point of the fulcrum C as shown in Fig.2 (a) must overcome the torque calculated by the longitudinal force and radius of the orifice (d/2). Therefore, the ratio of the force f to F to open the valve is given by the following equation. 
CONTROL VALVE WITH SELF-HOLDING FUNCTION

Construction and operating principle
For such a valve mentioned above, the one that consumes electric power only when it changes states, such as opened or closed, might be ideal. Therefore, we aimed to develop a valve using permanent magnetic force in order to open or close the valve. Therefore, we proposed and developed a valve with self-holding function without any electric power in holding the state. The cylindrical magnet is inserted into the thin plastic cylinder so that the magnet can slide along the cylinder with a stroke of 14 mm. They are connected to both ends of the thin plastic cylinder and set on the outer side of the flexible tube by acrylic connectors. The valve including the two solenoids has a length of 39 mm, a width of 11mm and a height of 18mm. The mass of the tested valve is 12.7 g. Figure 4 Operating principle of the valve with self-holding function Figure 4 shows the operating principle of the tested valve. The operating principle of the valve is as follows:
In the case of closing the valve as shown in Fig.4 (1), the iron core of solenoid A and the cylindrical permanent magnet are naturally attracted to each other. Then the magnetic ball makes the valve seat (orifice) closed by the generated force of momentum of the flow, as in a check valve. In this condition, the valve holds the state of closing with no electrical input by the permanent magnetic force. When the electric input is applied to the solenoid B for about 0.01 seconds as shown in Fig.4 (2) , the magnetic repulsive force is generated between the iron core and the cylindrical magnet. Then, the cylindrical magnet moves toward the end of solenoid A, and they are attracted to each other by the permanent magnetic force as shown in Fig.4 (3) . In the condition as shown in Fig.4 (3) , the cylindrical magnet also attracts the magnetic ball so as to move the vertical direction of the tube. Then, the valve opens and holds it open state with no electrical input. In the same manner of opening the valve, when the electrical input is applied temporarily to the opposite side solenoid A, the cylindrical magnet moves toward the iron core of solenoid B, and they are attracted to each other. After the cylindrical magnet moves by the repulsive force as shown in Fig.4 (4) , the magnetic ball automatically moves toward the center of the valve seat (orifice) by the generated force of momentum of the flow. Using this method, the valve can hold both states of closing and opening with no electrical power. It means that the valve has an excellent characteristics of low energy consumption. In addition, using the repulsive force instead of pulling force between the cylindrical magnet and the solenoids in order to slide the cylindrical magnet, the electrical power of the tested valve becomes lower. It is caused by the fact that the magnetic force becomes larger in reverse proportion to the distance between both objects.
Characteristics of the valve
In order to confirm the performance of the tested valve, such as the lower electrical input for opening or closing, we investigated the dynamic response of the valve by alternately changing states. Figure 5 shows the transient response of the input current of solenoid A and B, and output pressure of the valve, respectively. In the experiment, the valve is connected to a chamber with volume of about 30 cc that has an exhaust port with a constant sectional area. The input current was calculated using the internal resistance of 1.2 ohms and the impulse input voltage of 5 volts. The electrical input voltage was applied for 0.008 seconds to the solenoid only when the valve began to open or close. Then, as a result of the experiment for static characteristics of the valve, the maximum output flow rate is 13.4 liters per minute for the supply pressure of 500 kPa. The value is almost the same as the output flow rate of the small-sized commercially available on/off valve.
From the transient response of the output pressure in Fig.4 , it can be seen that the valve can be held opened or closed after applying momentary electrical input. We also find that the dead time for opening the valve is 0.021 seconds, the dead time for closing is 0.016 seconds. The dead time of the valve is related to the moving speed of the cylindrical magnet. The difference of the dead time between the cases of opening and closing is caused by the time the cylindrical magnet moves and reaches point of attracting or repulsion to the magnetic ball. From the geometric arrangement between the magnetic ball and the cylindrical magnet as shown in Fig.4 , it is easy to recognize that the time delay for closing is faster than that for opening. From Fig.5 , it can be also seen that the induced current in the non-operating side solenoid occurs when the opposite solenoid is driven. Figure 6 Relation between duty ratio of PWM signal input and output pressure of the valve Figure 6 shows the relation between the duty ratio and the output pressure of the valve with self-holding function.
In the experiment, the valve is also connected with a chamber with a volume of about 30 cc that has an exhaust port with a constant sectional area. The period of input PWM signal is selected as 0.1 seconds by considering the response time of the valve as shown in Fig. 5 . In the tested valve, the time for driving the current of each solenoid is 0.01 seconds (10ms). For example, the PWM signal with a duty ratio of 50 % is made as follows: In the beginning of the PWM period, first, solenoid A is driven for 0.01 seconds. After that, both solenoid A and B are stopped to apply the input voltage for 0.04 seconds. Next, solenoid B is driven for 0.01 seconds. At last, both solenoids are stopped for 0.04 seconds. By repeating these operations, we can realize the PWM input signal for the tested valve with self-holding function. The signal is created by using a micro-computer (Renesas Co. Ltd. H8/3664). In the case of making the other duty ratio of the PWM signal, the stopping time of both solenoids is changed. In other words, the electric power consumption does not change even if the duty ratio is changed in the same PWM period. In addition, the longer the PWM period is used, the lower electric power consumption can be realized. From Fig. 6 , we can see that the output pressure of the valve is almost proportional to the duty ratio of PWM signal. It means that the tested valve has relatively good dynamics, so much so that it can be used as a pressure control valve even if the valve has a self-holding function.
DIGITAL SERVO VALVE WITH SELF-HOLDING FUNCTION
Construction of digital servo valve
In order to drive a control valve for a long time using a limited battery supply, the valve with the self-holding function mentioned above is one effective solution. However, in the case to adjust the analog output flow rate of the tested valve, the tested valve must be driven by the PWM method. In this case, the electric power consumption of the tested valve can not be ignored according to the driving time. In addition, in the case of controlling a wearable actuator such as a pneumatic artificial muscle, the pressure control valves that can hold constant pressure in the actuator are required. To decrease the electric power while the valve holds the inner pressure constant, it is better that the valve has a function of cutting off the output port without supply and exhaust. Therefore, we aim to develop a digital servo control valve with self-holding function that can consume less electric power to adjust the output flow rate and cut off the output port. Figure 7 shows the construction of the digital servo valve that we proposed and tested. The valve consists of a servo motor (Kondo Co. Ltd., KRS-2352 ICS, speed: 0.14s/60deg.), a disk with two cylindrical magnets and six check valves that each consists of an orifice in the flexible tube with an inner diameter of 2.5 mm and a steel ball or a magnetic ball with outer diameter of 2mm. The center of the disk is connected with the shaft of the motor. The eight check valves are set on parallel to the surface of the disk. The rotational angle of the disk is easily controlled by a micro-computer (Renesas Co. Ltd., H8/3664) with PWM timer function. The mass of the tested valve is about 80 g, and the valve has a length of 41 mm, a width of 55 mm and a height of 61 mm. The other three ends of the check valves for supply ports are connected with a tank with a high pressure of 500 kPa. The others are not connected to anything. So, the direction of natural flow of the check valves between the supply ports and exhaust ports are reversed. In both supply and exhaust ports, the steel balls or the magnetic balls in the check valves are set at specific angle on the orbit so that the cylindrical magnet can move as shown in Fig.8 . Each center angle from the cylindrical magnet at the neutral position to the ball is 27, 75 and 97 degrees, and each inner diameter of the orifices is 0.4, 0.6 and 0.8 mm, respectively. The value of the inner diameter in each orifice is selected so that the flow rate through the orifice becomes about two or three times as large as the lowest flow rate through the narrowest orifice in the valve. Each location of the balls is selected so as not to be attracted to the other balls by the cylindrical magnet while the only one is attracted. It means that the cylindrical magnet can attract each ball independently. In the case of the check valve with the inner diameter of 0.8 mm, the magnetic ball is used instead of the steel ball, because a larger magnetic force is required to open the check valve.
Operating principle of digital servo valve Figure 9 shows the operating principle of the tested digital servo valve. The valve has seven states. One is the neutral state in which the valve can close the output port without supply and exhaust as shown in Fig.9 (a) . The others are three exhaust stages as shown in Fig.9 (b) to (d) and three supply stages as shown in Fig.9 (e) to (g). Each figure in Fig.9 shows the location of two cylindrical magnets in the disk for each state of the valve, respectively. The operating principle of the valve is as follows. First, two cylindrical magnets stay at the neutral position as shown in Fig.9 (a) . To increase the output flow rate from the servo valve, the servo motor rotates the disk from the neutral position to 27 degrees clockwise. The lower cylindrical magnet attracts the ball in the check valve. Then, the check valve (S1) as shown in Fig.12 (e) opens. By rotating the disk an additional 38 degrees (75 degrees from the neutral position) clockwise using the servo motor, the check valve (S2) as shown in Fig.12 (f) opens. At the same time, the ball in the check valve (S1) loses the attracting magnetic force. Then, the ball automatically moves toward the orifice by the momentum of the flow and closes the check valve (S1) as shown in Fig.9 (f) . Then, the larger flow rate at the output port can be obtained according to the sectional area change from S1 to S2. In the same manner of increasing the output flow rate from the valve, the output flow rate can be decreased by rotating the disk counterclockwise. In the case of exhaust, the upper cylindrical magnet as shown in Fig.8 is used. The other cylindrical magnet does not act as shown in Fig. 9 . The tested digital servo valve can realize seven states that include holding the pressure and three types of output flow rate in both conditions of supply and exhaust. In addition, while the disk rotates between two balls gives the overlap function to the valve. It means that this time delay prevents opening two check valves at the same time. The geometric configuration of check valves with various sizes of orifices as shown in Fig.8 introduces the proportional stepwise change of the output flow rate according to the rotational angle of the disk in both supply and exhaust. The neutral position is used to hold the pressure in the output port constant by cutting off both the supply and exhaust ports. The position of the cylindrical magnets can be held at a specific position without electrical input by turning off both the electrical supply voltage and the duty signal to the servo motor at the same time. It means that the tested valve can control the flow rate of both supply and exhaust in digital control with lower energy consumption. Figure 10 shows the relation between the output flow rate from the valve and the valve state. In Fig.10 , each character E1,E2 or E3 refers to the active check valves as shown in Fig.9 . In the experiment, the output flow rate was measured by a digital flow meter (SMC Co. Ltd., PF2A750-01-27). In the measurement of the supply flow rate, the supply pressure of 500 kPa is applied at the supply port in the condition that the output port is not connected with anything, that is, to use the output port as an exhaust port. The flow rate from the output port to the atmosphere is measured by the digital flow meter. In the case of measuring the flow rate for exhaust, the output port is pressurized to 500 kPa in the condition that the supply ports cut off the output port of the valve. From Fig.10 , it can be seen that the relation between the output flow rate from the valve and the valve state is proportional in both cases of supply and exhaust states. Figure 11 Transient response of the output pressure in the output port of the valve for stepwise change of the valve states Figure 11 shows the transient response of the output pressure in the output port of the valve for stepwise valve state change, that is, a stepwise angular change of the disk. In the experiment, the output port is released to the atmosphere through the orifice with the inner diameter of 0.7 mm. The pressure in the output port was measured by a pressure sensor (Keyence Co. Ltd., AP-33). The valve state was changed according to the order of the neutral position, S1, S2, S3, S2, S1 and the neutral position every 1 second. From the pressure change in Fig.11 , we can confirm that the tested valve can control the output flow rate according to the valve state. It can be also seen that the valve can adjust the flow rate in both cases of increasing and decreasing the output flow rate smoothly. The time delay of the valve for stepwise change is from 0.063 to 0.083 seconds. These values depend on the rotational speed of the servo motor and the distance between the two check valves. Therefore, it is possible to improve the dynamics of the valve by changing the geometric configuration of the check valves and using a high speed servo motor.
Characteristics of digital servo valve
CONCLUSIONS
This study, aimed at improving the performance of the small-sized wearable control valve that can be operated with lower energy consumption, can be summarized as follows. 1) We proposed and tested the digital servo valve with self-holding function using a servo motor, a disk with two cylindrical magnets and check valves with steel balls or magnetic balls. The operating principle of the digital servo valve was introduced. The simple control system of the valve using a micro-computer was produced. 2) We investigated the performance of the digital servo valve. As a result, we can confirm that the tested valve can change the output flow rate in seven stages that they include holding the pressure and three types of output flow rate in both conditions of supply and exhaust. 3) As for the dynamics of the digital servo valve, it can be also seen that the valve can adjust the flow rate in both cases of increasing and decreasing the output flow rate smoothly. The time delay of the valve for stepwise change is from 0.063 to 0.083 seconds.
